[1] OH and HO 2 mixing ratios and total OH reactivity were measured together with photolysis frequencies, NO x , O 3 , many VOCs, and other trace gases during the midsummer 1999 SOS campaign in Nashville, Tennessee. These measurements provided an excellent opportunity to study OH and HO 2 (collectively called HO x ), and their sources and sinks in a polluted metropolitan environment. HO x generally showed the expected diurnal evolution, with maxima around noon of up to about 0.8 pptv of OH and 80 pptv of HO 2 during sunny days. Overall, daytime observed OH and HO 2 were a factor of 1.33 and 1.56 times modeled values, within the combined 2s instrument and model uncertainties. The chain length of HO x , which is determined from the ratio of the measured total OH reactivity that cycles OH to the total HO x loss, was on average 3-8 during daytime and up to 3 during nighttime, in general agreement with expectations. However, differences occurred between observed HO x behavior and expectations from theory and models. First, HO 2 was greater than expected during daytime when NO mixing ratios were high; ozone production did not decrease as expected when NO was greater than 2 ppbv. Ozone production determined by the imbalance of the NO x photostationary state, which was almost twice that from HO 2 , also shows this dependence on NO. Second, the calculated OH production rate, which should equal the measured OH loss rate because OH is in steady state, is instead less than the measured OH loss rate by (1-2) Â 10 7 molecules cm -3 s -1 , with low statistical significance during the day and high statistical significance at night. Third, surprisingly high OH and HO 2 mixing ratios were often observed during nighttime. The nighttime OH mixing ratio and the HO 2 /OH ratio cannot be explained by known reaction mechanisms, even those involving O 3 and alkenes. Because instrument tests have failed to reveal any instrument artifacts, more exotic chemicals or chemistry, such as OH adducts or other radicals that fall apart into OH inside the instrument, are suspected.
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Introduction
[2] Understanding the processes that control ozone, aerosols, and atmospheric oxidation capacity is necessary to develop predictive capability of the impacts of climate change and increased population and industrialization. Because OH and HO 2 both initiate and participate in almost all of the atmosphere's complex chemical pathways [Logan et al., 1981; Ehhalt et al., 1991] , factors that influence OH and HO 2 must be well understood [Lelieveld et al., 2002] .
Measurement of OH and HO 2 has been a high priority for decades.
[3] The behavior of OH and HO 2 in a metropolitan area has been little studied, and yet in such an environment, the air chemistry is particularly complex. Emissions are often large, diverse, variable, and poorly characterized. High concentrations of the pollutants NO and volatile organic compounds (VOCs) cause rapid cycling and termination of HO x chemistry, producing copious ozone, aerosols, and other reaction products in the process. Testing our understanding of these urban chemical processes requires a full suite of instruments that measure all the known individual important chemicals and provide a sum of those that may be important but are not measured.
[4] In this paper, we describe our measurements of OH, HO 2 , and the OH reactivity as part of the multi-investigator Nashville Southern Oxidants Study in summer 1999. We analyze these measurements by comparison to the expectations from a photochemical model and simple photochemical theory.
Basic HO x Chemistry
[5] The hydroxyl radical, OH, is the atmosphere's most important oxidizer and cleansing agent. A close chemical relative, the hydroperoxyl radical, HO 2 , is a major source of tropospheric ozone. It reacts with NO to form NO 2 , which is then photolyzed, creating O 3 . In addition, HO x plays a role in the production of aerosols through the formation of low volatility compounds such as sulfuric acid, nitric acid, and some organics. OH and HO 2 are thus central players in the production of important atmospheric pollutants.
[6] The main known urban HO x sources are the photolysis of ozone, formaldehyde (HCHO), and HONO. Ozone photolysis produces an excited oxygen atom, which reacts with water forming two OH radicals per photolyzed O 3 molecule. One channel in the photolysis of formaldehyde leads to formation of two HO 2 radicals. HONO can build up during nighttime and is easily photolyzed, potentially leading to significantly enhanced OH levels in the early morning [Alicke et al., 2003] . Other possible HO x sources have been discovered recently. In polluted air, O 3 can react with alkenes to produce a significant amount of OH [Paulson and Orlando, 1996; Paulson et al., 1999; Donahue et al., 1998] . Because this source requires no photolysis, these reactions produce OH, and thus HO 2 , both day and night. At present, photolytic HO x sources are thought to be far more significant than nonphotolytic HO x sources.
[7] OH and HO 2 undergo propagation reactions that lead to rapid interconversion between these radicals. OH reacts with CO or O 3 producing HO 2 , and the oxidation of hydrocarbons by OH leads to formation of peroxy radicals, RO 2 , and HO 2 . In the presence of NO, RO 2 is converted to HO 2 , which reacts with NO or O 3 to form OH. Hydrocarbon oxidation frequently leads also to the formation of HCHO, increasing this source of HO x .
[8] The main sink for HO x in the polluted boundary layer is the reaction of OH with NO 2 forming nitric acid, HNO 3 . In cleaner air, the reactions HO 2 + HO 2 , HO 2 + RO 2 , and HO 2 + OH are most important. Other sinks, such as deposition, heterogeneous chemistry in cloud drops and on aerosols, and formation of other chemicals such as pernitric acid are usually considered to be minor.
[9] Reaction of HO 2 or RO 2 with NO during daytime leads to the production of O 3 through the photolysis of the resulting NO 2 , which produces an O( 3 P) atom that reacts with O 2 to form O 3 . The instantaneous ozone production rate, P(O 3 ), is given by
At high NO and NO 2 , HO 2 should decrease almost quadratically as NO increases because NO reacts with HO 2 to cycle HO 2 to OH and OH reacts with NO 2 , which is usually in photostationary state with NO, to form HNO 3 , thus terminating the cycle. Steady state theory suggests that the ozone production from HO 2 should decrease as NO increases to more than a few ppbv [Trainer et al., 1987 [Trainer et al., , 2000 . Thus, ozone production should be most efficient at moderate levels of NO around a ppbv or so, depending on the production rate of HO x , called P(HO x ), and on the changing partitioning of radicals between HO 2 and RO 2 as a function of NO [Ehhalt, 1998; Kleinman et al., 1997; Jaeglé et al., 2001] .
[10] Measurements of OH, HO 2 , the OH reactivity, and other variables that control HO x can be used to test the understanding of the photochemistry in a metropolitan area. These controlling variables include especially NO, NO 2 , photolysis frequencies, and HO x source gases, such as O 3 , H 2 O, HCHO, and HONO. These measurements can be compared directly to photochemical models. The expected behavior of HO x with controlling variables can also be examined; the variation of HO x with NO is particularly important. Finally, because OH is essentially always in photostationary state, the balance between OH production and OH loss can be used to look for additional OH production and loss.
Description of the Measurements
[11] The measurements discussed in this paper took place at Cornelia Fort Airpark (36°11.4 0 N, 86°42.0 0 W), about 8 km northeast of downtown Nashville, Tennessee, during the Southern Oxidants Study (SOS 99) in June and July 1999 (Figure 1 ). Surrounded by mixed deciduous forests and pastures, Nashville is a site particularly well suited to study interactions of anthropogenic and biogenic emissions.
Ground-Based Tropospheric Hydrogen Oxides Sensor (GTHOS)
[12] The OH and HO 2 radicals were measured with the Penn State GTHOS (Ground-based Tropospheric Hydrogen Oxides Sensor), which uses laser-induced fluorescence (LIF) of the OH molecule, based on the fluorescent assay by gas expansion (FAGE) technique originally developed by Hard et al., [1984] . A detailed description of the instrument and its calibration is given in I. Faloona et al. (A laser induced fluorescence instrument for detecting tropospheric OH and HO 2 : Characteristics and calibration, submitted to Journal of Atmospheric Chemistry, 2003, hereinafter referred to as Faloona et al., submitted manuscript, 2003) . To avoid any possible influence of surface contact on the OH and HO 2 concentrations in the sampled air, the detection module was mounted on top of a 10 m scaffolding tower, whereas the laser and data acquisition system were housed inside a trailer located at the base of the tower. [13] For GTHOS in SOS, the air sample expanded through a pinhole inlet (1 mm diameter) as it was pulled into a reduced pressure detection chamber by a vacuum pump. As the air flowed through the laser beam, which crossed through the detection volume 32 times in a White cell, the OH molecules were excited by spectrally narrow ($3 GHz FWHM) laser pulses (3kHz) at one of several vibronic transition lines near 308 nm (A 2 AEÀX 2 Å, v 0 = 0 v 00 = 0). The UV laser beam was delivered to the detection module on top of the tower from the lab via a 12 m long, 0.365 mm diameter optical fiber (ThorLabs, Newton, New Jersey). The laser was tuned on and off resonance with the OH transition (called on-line and off-line) every 10 s to determine respectively the OH fluorescence plus background signals and the background signals, resulting in a measurement time resolution of 20 s. The UV laser power entering the White cell was in the range of 1 -4 mW. The OH fluorescence extended beyond the prompt scattering (Rayleigh and wall scattering) and was detected with timegated microchannel plate detectors (Hamamatsu, Bridgewater, New Jersey).
[14] HO 2 was measured simultaneously in a second detection axis that was 10 cm downstream of the first axis through quantitative conversion into OH by reaction with NO (nitric oxide, >99% Matheson, Twinsburg, OH, purified through Ascarite) followed by LIF detection of OH. The NO was added through a loop in between the axes. Care was taken and tests were done to ensure that no NO converted HO 2 into OH in the first axis. This measurement yields the total HO x (OH + HO 2 ). HO 2 is the difference between HO x and the OH measured in the first axis, scaled by the relative OH sensitivities of the two detection axes. As higher precision is needed for OH than for HO 2 measurements, most of the available the laser power was used in the first axis.
[15] The instrument was calibrated in the field as well as the laboratory. A measured amount of air flowed through the calibrator, a 1/2 00 square aluminum tube. Water vapor was added to the air upstream of the flow tube and was measured with a Licor nondispersed IR instrument, which was calibrated against a chilled mirror hygrometer. Attached to the tube over a window was a Hg lamp, collimated and filtered with a 185 nm filter that served as a photolysis source for water vapor (H 2 O + h n(185 nm) ! OH + H). The lamp flux was calibrated against a photomultiplier tube that itself was calibrated against a NIST standard photodiode at the Laboratory for Atmospheric and Space Physics in Boulder, Colorado. The overlap between the lamp flux field and the airflow field was calculated to determine the exposure time of the water vapor molecules to the 185 nm flux. Thus, air leaving the tube had calibrated amounts of OH and HO 2 in equal portions.
[16] The tube's outlet was placed near the instrument's inlet and the airflow was adjusted so that the output of the calibration tube was about 5 times greater than the sampling flow of the instrument. Monitors of laser power, Rayleigh scattering, laser line width, and laser power exiting the White cells maintained this calibration for periods in between calibrations [Stevens et al., 1994; Faloona et al., submitted manuscript, 2003 ]. At present, the accuracy is estimated to be ±40% for both OH and HO 2 , at the 2s confidence level. The accuracy of the derived HO 2 /OH ratios is ±20%, as systematic errors inherent to the calibrator are basically the same for OH and HO 2 . The 1s precision for OH during the SOS '99 campaign was about 2.5 Â 10 5 cm À3 for 10-min averages, or approximately 0.01 pptv. For HO 2 the 1s precision was about 0.15 pptv for 1-min averages. The limits of detection are given by the 2s precisions.
[17] Tests were conducted during the study to ensure that observed OH signals were not due to instrument artifacts. First, for the first few days, no reagent NO was added to the system and only OH was measured. The behavior of OH on these days was similar to the behavior of OH after HO 2 detection began. Second, occasional sampling of zero air produced an OH signal equivalent to OH less than 0.03 pptv. Third, the addition of perfluoropropylene each hour for 2 min reduced the OH signal to an equivalent of 0.02 pptv on average (standard deviation of 0.05 pptv). Fourth, tests performed in the lab with several species likely to produce interferences (e.g., HCHO, HONO, isoprene) showed no measurable signal at ambient concentrations. Fifth, a scan of 0.1 nm of the OH spectrum each hour showed conclusively that the observed signal was OH. Sixth, to test for lasergenerated OH, the laser power was occasionally quickly reduced by half; the resulting signal decreased linearly, indicating no laser-induced interference, since if the signal had been laser-generated, it would have decreased quadratically. The same tests showed no significant instrument artifacts for HO 2 . The zero air test did reveal a small HO 2 signal equivalent to $1 pptv, decreasing with time, even when the HO 2 signal in ambient air was less. This small signal probably resulted from impurities on the Teflon line used for the zero air. These tests give us confidence that the observed signals in Nashville were due to OH and HO 2 and were not instrument artifacts. Figure 1 . Map of Nashville, Tennessee, and surroundings. The measurements discussed in this paper took place at Cornelia Fort Airpark (location indicated by the arrow), about 8 km to the northeast of downtown Nashville.
2001; Kovacs et al., 2003] . A discussion of the OH reactivity measurements in Nashville is presented by Kovacs et al. [2003] . The measurement basically consists of adding a constant amount of OH to a flow of ambient air and detecting its remaining concentration for given distances, and thus reaction times, between the OH source and the OH detector. The measured OH decay gives the OH reactivity, which has units of s
À1
.
[19] For Nashville the instrument consisted of a 5 cm diameter glass flow tube, a moveable OH and HO 2 source, a HO x detection axis and a blower to pull the air down the flow tube. The HO x injector consisted of a Hg lamp shrouded from the main flow at the end of a 3/8 00 stainless tube. OH and HO 2 were produced by H 2 O photolysis. Typical HO x mixing ratios were 10 -50 pptv, high enough to avoid influences from ambient HO x levels and low enough to avoid complications from HO x self-reactions and depletion of reactants [Kovacs and Brune, 2001] . The injector flow was kept to a few percent of the main ambient flow, and care was taken to insure that the injector flow was well mixed with the ambient flow. The velocity profile across the flow tube was flat to within ±10%. A hot-wire anemometer located near the OH detection axis measured the flow's velocity. HO x was detected in the same way that ambient HO x is detected with the GTHOS instrument. The injector was pulled back in steps, allowing the OH signal to be monitored as it decayed. The decay rate was determined by the expression:
where distance/velocity = time of reaction; k wall is the firstorder wall loss, which for this version of the instrument was 5.1 ± 0.7 s À1 . OH decays are corrected for the reaction of HO 2 + NO ! OH + NO 2 , which reduces the effective decay, as described by Kovacs et al. [2003] . The uncertainty introduced by this correction is small compared to the total uncertainty for NO up to 5 ppbv. Thus for this study, OH reactivity is reported only when NO <5 ppbv.
[20] Although the OH reactivity measurement is based solely on the measurements of OH signal, distance, and velocity, TOHLM was calibrated with the addition of known amounts of CO and other chemicals that react with OH. By calibrating with different gases that have widely differing rate coefficients, we have determined that the current absolute accuracy of the measurement is ±14%, with 1s confidence and a ±0.7 s À1 1s uncertainty in the zero air offset. The total 1s uncertainty was 1.5 s À1 for an OH reactivity of 10 s À1 .
Description of the Box Model
[21] A box model calculated steady state OH and HO 2 simultaneously with the concentrations of speciated RO 2 , NO 3 , N 2 O 5 , HNO 2 , and HNO 4 with input variables fixed by measurements. The lumped chemical mechanism was essentially the same as that used in Frost et al. [1998] . Thermal rate coefficients and product yields were the latest recommendations [DeMore et al., 1997; Sander et al., 2000; Atkinson, 1994 Atkinson, , 1997 , except that the rate coefficient for O( 1 D) + N 2 was that of Ravishankara et al. [2002] . The yields of OH from reactions of O 3 with speciated alkenes were taken from Atkinson [1997] , while alkene ozonolysis yields of HO 2 and RO 2 were based on Stockwell et al. [1997] .
[22] Photolysis rate coefficients (J values) used in the box model were usually the NCAR spectroradiometer measurements. When these data were not available, J values were calculated with version 4.0 of the Madronich Tropospheric Ultraviolet and Visible (TUV) model (http://www.acd.ucar. edu/TUV/) with the DISORT solver [Stamnes et al., 1988] modified for psuedo-spherical geometry and Lagrangian interpolation between layers [Petropavlovskikh, 1995] . Absorption cross sections and quantum yields were from DeMore et al. [1997] and Sander et al. [2000] . Vertical profiles of temperature, pressure, and O 3 were from the U.S. Standard Atmosphere [1976] . Surface albedo was assumed to be 5% at wavelengths 420 nm and 15% at longer wavelengths. Aerosol optical depths below 4 km were from Mie scattering calculations using surface areas measured on the NOAA P-3 aircraft during SOS 99 (C. Brock, personal communication), while those above 4 km were taken from Elterman [1968] . Daily overhead O 3 columns were measured by NOAA/CMDL (http://www.cmdl.noaa.gov/ dobson/) at the Nashville National Weather Service Forecast Station. Cloud attenuation was approximated by the ratio of the measured actinic flux from an Eppley solar pyranometer [Zamora et al., 2003 ] to the clear-sky actinic flux normalized to the pyranometer peak signals.
[23] The box model calculations were made on the 1-min time base of the NOAA/AL NO measurements. Fixed measured quantities in these calculations included temperature, pressure, and the mixing ratios of H 2 O, O 3 , SO 2 , NO, NO 2 , NO y , H 2 O 2 , HCHO, CH 3 OOH, CO, VOCs, PAN, PPN, and MPAN. With the exception of the VOCs (see next paragraph) and the compounds mentioned below, coincident 1-min measurements of these variables were used without modification. Data for PAN and its analogs were linearly interpolated from their 15-min measurement time base to the 1-min model time base when gaps between adjacent measurements were less than 2 hours. Gaps in the H 2 O 2 and CH 3 OOH measurements were filled using their hourly median mixing ratios at Cornelia Fort Airpark (CFA). Mixing ratios assumed for some unmeasured compounds included: CH 4 = 1. [24] When this manuscript was prepared, in situ VOC measurements were available from the NOAA/AL and the EPA, and VOC canister samples analyzed after SOS 99 were available from Ohio University. These data were collected on the hour with different sampling intervals (5-57 min). Except for a few common compounds, each system measured a different set of VOCs. None operated continuously, and each data set overlapped with the others for only part of SOS 99. The NOAA/AL VOC time base served as a basis to construct a composite time series for each VOC compound. Hourly data for a VOC measured by only one instrument were used without modification; coincident measurements from at least 2 different instruments were averaged. Gaps in the resulting time series of any VOC except n-pentane, 2-methylbutane, and isoprene were ACH 8 -4 filled in two ways: for anthropogenic VOCs, linear correlations with n-pentane or a secondary compound which could itself be correlated with n-pentane were used; for biogenic VOCs, hourly median CFA data were used. The composite hourly VOC data for over 70 compounds (Table 1) were then used for each minute in the corresponding hour of the model time base, resulting in about 4850 points for which all model input and coincident HO x measurements were available.
[25] The model assumes that OH, HO 2 , and the other calculated species are in steady state with each other and with the fixed measured compounds. One implication of this assumption is that the atmosphere must be well-mixed vertically and horizontally in the vicinity of CFA. The horizontal distance around CFA which must be well-mixed can be estimated from the product of the horizontal wind speed and the HO x net lifetime, given by the inverse of the HO x loss rate excluding the fast equilibrium between HO 2 and HNO 4 . This median distance is about 10 m during the day with maxima of 50 m at midday and 300 m during the morning rush hour, while the nighttime median is about 100 m with a maximum of 3 km. Thus the daytime horizontal mixing distance is shorter than the distance from CFA to the nearest major roadway or other significant anthropogenic emission sources. However, at night CFA is close enough to important anthropogenic and biogenic sources that a HO x steady state may not be completely achieved. DOAS long-path measurements originating at CFA and probing different altitudes and horizontal distances (J. Stutz, personal communication) suggest extensive nighttime vertical stratification in NO 2 , SO 2 , and O 3 and a relatively low vertical dimension over which steady state can be applied. A related assumption is that fixed variables do not vary significantly during the time it takes the calculated species to reach steady state, which may not be true in plumes emitted near the measurement site. For example, mixing ratios of HCHO and other radical sources may change greatly over the course of a few minutes in fresh plumes of NO x and VOCs, which occur frequently during the morning rush hour when actinic flux is low and HO x lifetimes are long. Great care must be taken in interpreting comparisons of measured and steady state calculated OH and HO 2 at night and in fresh plumes early and late in the day.
[26] Monte Carlo uncertainty assessments of modeled OH and HO 2 [Thompson and Stewart, 1991; Carslaw et al., 1999; Kanaya et al., 2000; Chen et al., 2001] have found that systematic errors due to the rate coefficients are generally larger than random errors associated with measured input concentrations. These studies reported total 2s uncertainties for OH and HO 2 of 30 -40% and 20-30%, respectively, under relatively clean conditions, and 40 -140% and 25-140%, respectively, under polluted conditions. Recent laboratory studies [Ravishankara et al., 2002; Dunlea, 2002] have shown that the combined uncertainty from O( 1 D) reactions with N 2 , O 2 , and H 2 O, which contribute a significant fraction of the HO x uncertainty [Carslaw et al., 1999] , is a factor of 3 lower than previously estimated [DeMore et al., 1997] . We expect that these changes bring the uncertainty in our HO x calculations closer to the lower end of the error ranges derived from Monte Carlo techniques. However, VOC concentrations in the current study have considerable uncertainty due to the incompleteness of the data set and the gap-filling procedures used. We therefore estimate that the total 2s uncertainty in our calculated OH and HO 2 is at least 50%.
Results and Discussion

HO x Mixing Ratios
[27] OH and HO 2 were measured from June 21 to July 15 1999 (Figure 2 ). Both radicals show the expected diurnal variation with maxima at noon or in the early afternoon and minima during nighttime. The lowest daytime values for OH and HO 2 occurred on June 26 (day 177) and on July 11 (day 192). The maximum mixing ratios on these days were $0.25 pptv (7 Â 10 6 molecules/cm 3 ) OH and $10 pptv HO 2 . There was high cloudiness and noontime rain during these days, with accordingly low UV light intensity (low J(O 1 D) photolysis rates) and low ozone mixing ratios. The highest HO x mixing ratios of $0.8 pptv or 2 Â 10 7 cm À3 for OH and 80 pptv for HO 2 occurred during a hot, humid, and sunny period of five days between July 4 and 8 (days 185-189).
[28] In the evening both OH and HO 2 mixing ratios dropped, even though they usually remained significantly above zero throughout the night. Only when nighttime NO x was large enough to remove all O 3 did HO x decrease to near or below the detection limits, averaging 0.01 ± 0.04 pptv for OH and 0.5 ± 0.2 pptv for HO 2 .
[29] Mean diurnal profiles were calculated by averaging all data measured into hourly bins (Figures 3a and 3b) . The average midday OH reached a maximum near solar noon of 0.4 pptv (10 7 cm À3 ), while the typical nighttime OH was 0.035 pptv (1 Â 10 6 cm À3 ). HO 2 was minimum at sunrise, about 2 pptv, increased slowly in the morning, reached its maximum of about 30 pptv in the early afternoon, and decreased slowly throughout the evening. During nighttime, HO 2 was typically 4 pptv.
[30] Photolysis of O 3 , HONO and HCHO are thought to be the most important HO x sources in urban environments. The photolysis frequencies and concentrations of these three species were measured during the campaign (see Shetter and Müller [1999] for details of the photolysis measurements and Wert et al. [2003] for details of the HCHO instrument), so the strength of these HO x sources can be calculated. The most important HO x source was the photolysis of ozone, leading to the formation of an average 7.9 ± 1.6 ppbv of OH per day during the campaign ( Figure 3c ). However, the average OH profile shows an increase before ozone photolysis starts in the early morning, and OH levels persist in the late evening after HO x production from ozone photolysis has stopped.
[31] For these times with low light intensity, the photolysis of HONO and formaldehyde become relatively more Mean diurnal profiles for OH, HO 2 and HO x production rates from photolysis of ozone, HONO and formaldehyde calculated by averaging all data measured at the same time of the day in hourly bins. HONO formation from reaction of OH and NO has been subtracted from the total HONO photolysis rate to reflect net OH production from HONO photolysis. The error bars show the statistical deviation of the hourly means at the 1s level.
important, as both species photolyze at longer wavelengths than O 3 . The HCHO photolysis on average contributed 4.3 ± 0.7 ppbv of HO x per day in the form of HO 2 , more than half the contribution of ozone photolysis. HONO photolysis contributed on average 1.3 ± 2.0 ppbv of HO x per day. However, the observed HONO mixing ratios were often less than 500 pptv during the night, not significantly higher than the HONO detection limit, which varied between 130 and 250 pptv depending on visibility conditions. Therefore, the average daily HO x production derived from the photolysis rates and mixing ratios of HONO have large uncertainties.
OH Reactivity
[32] The measured total OH reactivity has a small diurnal variation when all observations are averaged over a diurnal cycle for conditions when NO <5 ppbv [Kovacs et al., 2003] (Figure 4) . The mean and standard deviation values are (11.3 ± 4.8) s À1 for all measurements, (10.2 ± 2.5) s
À1
for midday (10 -16 Central Standard Time, CST), (13.6 ± 5.2) s À1 for morning rush hour (6 -10 CST), and (11.6 ± 5.2) s À1 for night (20-4 CST). The measured total OH reactivity is on average 1.45 times larger than the OH reactivity calculated from the sum of the products of the measured OH reactants and their reaction rate coefficients for all data available. This result is statistically significant at the 1s confidence level, but not at the 2s confidence level. The OH reactivity in the model calculation is on average 20% higher than the calculated OH reactivity, still well below the measured OH reactivity. Differences between the OH reactivities calculated and the OH reactivities in the model arise mostly from the composite VOC data used in the model to extend the number of points available. Additionally, intermediate oxygenated VOC not measured resulting from oxidation processes of measured compounds are taken into account in the model, contributing typically about 5 % of the total OH reactivity.
[33] Part of the increased nighttime OH reactivity came from the variable nighttime NO 2 , which contributed more than 4 s À1 to the total OH reactivity for 50% of the nighttime measurements. During the night, the reaction between OH and NO 2 was usually 25% to 60% of the total calculated OH reactivity, while in the afternoon it was generally less than 15%.
Comparison to Model Results
[34] Observed OH and HO 2 mixing ratios are compared to the results of the steady state box model described in section 1.3. The model results show similar diurnal trends as the measurements. The main HO x sources in the model are photolysis of O 3 and HCHO; ozonolysis of alkenes contributes about 8% of the total daily production of HO x and 95% of the nighttime production ( Figure 5 ). Production of RO 2 by reactions of NO 3 with alkenes and conversion of RO 2 to HO 2 by reaction with NO 3 is likely to be of similar importance during nighttime as ozonolysis of alkenes, but is not included in the model. Other minor sources in the model include photolysis of peroxides and larger aldehydes than formaldehyde. The main sinks are reaction of OH with NO 2 , which accounts for about 50% of the total daily loss, and self-reactions of HO x and RO 2 ( Figure 5 ). Other sinks included in the model are net formation of HO 2 NO 2 and HONO.
[35] The measured OH and HO 2 mixing ratios are a factor of 1.33 and 1.56 higher than modeled OH and HO 2 during daytime (Figures 6a and 6b) . This difference is within the combined 2s uncertainties of the measurements and model. The measured HO 2 /OH ratio was $0.8 of the modeled ratio for daytime measurements, close to the instrumental uncertainty (Figure 6c) . Thus, the model appears to capture the basic features of the measured daytime OH and HO 2 . However, that the measured OH and HO 2 mixing ratios are higher than the modeled values suggests that more . HO x sources and sinks included in the model, averaged in hourly bins. Differences from production rates in Figure 3 are due to the more restricted data set used in the model, for which all data needed as model input had to be available. sources or less sinks for HO x may exist than are included in the model. The reasonable agreement between the measured and modeled HO 2 /OH ratios indicates that the cycling reactions between OH and HO 2 are on average reasonably well captured in the model. However, the relatively low correlation of the modeled and measured HO 2 /OH ratio indicates large uncertainties in the temporal variation of involved trace gases in the model and possibly the existence of some poorly characterized cycling reactions.
[36] The nighttime measured and modeled OH and HO 2 have significant differences. Nighttime modeled OH was <2 Â 10 5 cm À3 and modeled HO 2 was less than 6 pptv. At night, measured HO 2 was typically 2 -8 times greater than modeled, while measured OH was most often 10 to 100 times more abundant than modeled. As a result, the nighttime measured HO 2 /OH ratios scattered around 100, while the modeled nighttime ratio was $1000 on average. In the following sections, we examine the measured and modeled HO x sources, HO x cycling, and the implications of these processes on ozone production.
Chain Length of HO x
[37] The ratio of the rate of HO x cycling reactions to HO x termination is called the chain length. In Nashville SOS, RO 2 and HO 2 were rapidly converted to OH during daytime and sometimes also during nighttime due to sufficient levels of NO. The reaction of OH and NO 2 to form HNO 3 and self-reactions of HO x and RO 2 were the main termination reactions. The daytime chain length, ChL, can be calculated from OH times the measured OH reactivity, R(OH), minus the HOx and RO 2 loss due to self reactions, L(HOx):
As RO 2 was not measured, modeled RO 2 was scaled to HO 2 using the RO 2 /HO 2 ratio from the model for each data point. During daytime, the greater the chain length, the greater the amount of O 3 produced per NO x molecule converted to HNO 3 . Thus, the chain length is related to the ozone production efficiency (OPE), which is given by ÁO 3 / Á(NO y -NO x ). The two numbers are different because the OPE depends on the number of HO 2 and RO 2 molecules that are produced for every cycling reaction of OH, the reaction with OH is not the only loss reaction for NO 2 , and because NO y may not be conserved (e.g., by uptake of HNO 3 on droplets or deposition to the surface).
[38] The HO x chain length was on average 3-8 during daytime (Figure 7) , sometimes reaching levels >10 when NO x concentrations were high in the morning. During nighttime the average calculated chain length still reached up to 3. The chain lengths show that conversion of HO 2 was the most important OH source during the day. As measured OH is larger than modeled OH a factor 1.33 during daytime, and the measured OH reactivity is about 1.2 times larger than modeled, OH production must be $1.6 times that in the model. Therefore measured HO 2 should be $1.6 times larger than modeled HO 2 , which it is ( Figure 6 ).
Daytime Relationship Between HO x and NO x
[39] HO 2 usually increased later in the day than OH, with most of the increase occurring after 9:00 CST. This later rise was due to high NO x , which usually built up in the boundary layer during night and was increased by morning rush hour traffic. A similar behavior was found by Holland et al. [2003] at a rural site near Berlin. High NO shifted the cycling equilibrium between OH and HO 2 towards OH, whereas high NO 2 provided an effective OH sink. So, high NO x led to reduced HO x and a lower [HO 2 ]/[OH] ratio. NO x remained high until the boundary layer height increased at mid-morning and mixed with air from the residual layer and free troposphere. Then NO x decreased and HO 2 increased accordingly. In the evening, HO 2 decreased more slowly than OH as both NO and the actinic flux approached zero, shutting down the main OH sources along with the main HO 2 sink.
[40] The variations of HO 2 and NO mixing ratios on 25 June show the relationship between NO and HO 2 (Figure 8 ). Before 0:30 CST, NO was as much as 10 ppbv, and accordingly HO 2 was low (about 1 pptv). Then the NO ACH mixing ratio decreased to less than 100 pptv, while HO 2 increased to 6-8 pptv. At around 3:30 CST and again at 4:20 CST, NO spikes of a few hundred pptv coincided with sudden drops in HO 2 . After 5:00 CST, NO increased to several ppbv, as rush hour traffic led to accumulation of pollutants in the shallow nighttime boundary layer. HO 2 decreased to values near 2 pptv, until at around 8:30 CST, when the boundary layer grew and mixed with air from above. NO mixing ratios then decreased, allowing HO 2 to increase to its daytime maximum resulting from photolytic production.
[41] This decrease in HO 2 for increasing NO was observed for all days (Figure 9 ). However, HO 2 also has a strong dependence on the HO x production rate, P(HO x ), which typically peaked at midday (Figure 3) , while daytime NO generally peaked at 6 CST in the morning and was less than 1 ppbv during midday. Since the diurnal variation of NO and P(HO x ) were quite different, the HO 2 variation with NO must be plotted as a function of P(HO x ) in order to separate out the two dependences. The observations are separated into four P(HO x ) ranges for measurements made between 6:00 CST and 18:00 CST (Figure 9 ). It should be noted that net OH production from HONO photolysis was not taken into account, as measured HONO values were usually near or below the detection limit during daytime and therefore HO x production from them has large uncertainties. According to the measurements, HONO contributes on average $2 Â 10 6 molecules/(cm 3 s) to the total HO x production.
[42] The size of the symbols indicates the number of HO 2 measurements for ranges of log(NO) and P(HO x ). For NO <1 ppbv, the number of observations in each of the 3 ranges of P(HO x ) > 1x10 6 cm À3 s À1 are about the same. For NO between 1 and 5 ppbv, which occurred in the morning, P(HO x ) was generally <5 Â 10 6 cm À3 s
À1
. NO infrequently exceeded 5 ppbv during daytime, as can be seen by the small size of all symbols.
[43] HO 2 shows the expected variation with NO and P(HO x ). For a fixed value of NO, HO 2 increases as P(HO x ) increases. For a fixed value of P(HO x ), HO 2 decreases as NO increases. This behavior is qualitatively similar to expectations from the model and theory. However, for all NO mixing ratios, the ratio of measured to modeled HO 2 increases with decreasing P(HO x ). Also, HO 2 decreases less than linearly with increasing NO, while the HO 2 decrease is expected to be between linear and quadratic. We have checked for a possible bias caused by spikes in the 1 s NO data by filtering the data in Figure 9 for high standard deviations of the 1 min averages of NO, which had no significant effect. The difference in HO 2 behavior with NO has strong implications for ozone production at higher NO values.
[ ). The symbol size indicates the number of observations in each range of log(NO) and P(HO x ), which is between 0 and 200. The solid lines show modeled OH and HO 2 for the same four P(HO x ) ranges. measured. Thus the actual buffering appears to be more effective than we can currently explain by models.
[45] Near sunrise, HONO was a significant HO x source (Figure 3 ). This additional HO x source could be expected to result in a sharp HO x increase from small nighttime values before the onset of ozone and formaldehyde photolysis. Instead, HO x shows a dip from nighttime values at sunrise that is followed by a steady increase during the day. The enhanced NO and NO 2 during morning rush hour rapidly convert HO 2 to OH and OH to HNO 3 . These reactions overwhelm the additional HO x source from HONO in determining the HO x mixing ratios. However, HO x production from HONO contributed to the very rapid photochemistry that produced copious HNO 3 (Figure 10 ) and other oxidation products during morning rush hour. As HONO is not constrained to measurements in the model, it is possible that HO x is underestimated in the model for those mornings when HONO was present in significant concentrations. This could change the comparison shown in Figure 9 somewhat for low P(HO x ) values as calculated from photolysis of ozone and formaldehyde, but has no effect on the curves for larger P(HO x ).
Instantaneous Ozone Production
[46] The instantaneous ozone production rates in the observed air masses calculated from the measured HO 2 and NO mixing ratios was on average highest in the morning when NO x was highest (Figure 11 ). The average daily ozone production from HO 2 was about 130 ppbv O 3 per day.
[47] The ozone production rate, P(O 3 ), given in equation (1), should increase for low NO, peak when NO is about 1 ppbv, and then decrease at higher NO. Because HO 2 and RO 2 increase with P(HO x ), P(O 3 ) should also increase with P(HO x ). P(O 3 ) calculated from measured HO 2 and NO, designated as P (O 3 ) HO2 , does in fact increase with NO for low NO and levels off when NO is about 1 ppbv (Figure 12a ). However, for NO > 2 ppbv, P (O 3 ) HO2 does not decrease as expected, but instead increases. Accordingly, the ratio of ozone production rates calculated from observed and modeled HO 2 in Figure 12b increases for NO > 2 ppbv, illustrating the discrepancy of P (O 3 ) HO2 from the expected behavior. Interestingly, the agreement between the observations and the model is better at higher P(HO x ), with ratios of observed to modeled ozone production rates close to 1 for the highest P(HO x ) range and NO < 2 ppbv, and ratios of >10 for the lowest P(HO x ) range and NO > 5 ppbv.
[48] Unexpectedly high HO 2 concentrations and increasing ratios of observed to modeled HO 2 , and thus P (O 3 ) HO2 , at greater NO have been observed in the free troposphere [Folkins et al., 1997; Faloona et al., 2000] . There is some evidence for this effect at Okinawa Island [Kanaya and Akimoto, 2002] . Although the authors of this study state that the HO 2 dependence is quantitatively reproduced by the model, above 1 ppbv of NO a plot of their HO 2 observations and model calculations [Kanaya and Akimoto, 2002, Figure 4] shows that observed HO 2 does not decrease to the expected extent, with mixing ratios more than 10 times larger than expected for 2.5 Â 10
À6 s À1 at $10 ppbv NO. We have now observed unexpectedly high HO 2 at high NO in the metropolitan environment in Nashville.
[49] One possible explanation for the unexpected behavior of P (O 3 ) HO2 at high NO is that GTHOS has instrument artifacts that are detected as OH and HO 2 . Certainly HO 2 is relatively small when NO is greater than 1 ppbv, but for Nashville, HO 2 was typically 2 pptv, even when NO was 10 ppbv (Figure 9 ). There are no known interferences, and interference tests performed in the lab showed that signals produced in the instrument by atmospheric concentrations of formaldehyde and HONO are far below the detection limit. For internal RO 2 to HO 2 conversion an upper limit of 5% has been determined (X. Ren et al., Interference testing for atmospheric HO x measurements by laser-induced fluorescence, submitted to Journal of Atmospheric Chemistry, Figure 10 . Mean diurnal profile for the production of HNO 3 , which is calculated by averaging all data measured into hourly bins. The error bars show the statistical deviation of the hourly means at the 1s level. The average daily HNO 3 production was 21 ± 5 ppbv/d. 2003, hereinafter referred to as Ren et al., submitted manuscript, 2003) . It is difficult to imagine how ambient NO at levels of tens of ppbv could cause interferences in the HO 2 measurement when $60 ppmv of reagent NO is added internally to convert HO 2 to OH. Also, it is not possible to achieve the expected behavior of the HO 2 or P(O 3 ) data by subtracting a constant offset from HO 2 , even for assumed offsets as large as 3 pptv.
[50] Another possibility is that the relationship between HO x and NO x species is not completely understood [Faloona et al., 2000] . Either reactions are missing, reaction rate coefficients are incorrect, or reaction products are different from current understanding. The most important interactions between HO x and NO x when NO is greater than 1 ppbv are the formation of HNO 3 and of HO 2 NO 2 and conversion of HO 2 to OH by NO. However, these reactions appear to be well studied and characterized. If unknown HO x -NO x chemistry is involved, then the mechanisms have not yet been identified.
[51] It is also possible that emission of unmeasured HO x sources along with NO x in this urban environment is causing the continuous increase of P (O 3 ) HO2 with NO x . In this case, the increased HO x sources compensate for the increased NO x -induced losses. There are at least two important HO x sources other than the photolysis of ozone, formaldehyde, and HONO: first, reaction sequences initiated by the reaction of OH with VOCs that produce multiple peroxyl radicals that react with NO to form multiple HO 2 molecules; and second, the reaction of ozone with alkenes. Both these sources usually lead to production of HCHO as well. Therefore correlations of NO with CO, which is usually emitted together with other anthropogenic VOCs, and with HCHO should provide some indication for additional HO x sources being emitted together with NO.
[52] Plots of HCHO and CO versus NO ( Figure 13 ) show that CO tends to increase with increasing NO, while HCHO shows the same tendency for the highest P(HO x ) range, but otherwise remains fairly constant. Thus, while additional, unknown HO x sources emitted together with NO cannot be ruled out in the Nashville urban plume, there is no clear indication for their existence either.
[53] A second method for calculating the ozone production rate is to calculate the imbalance in the NO x photostationary state:
where k HO2+NO , k RO2i+NO and k O3+NO are the rate coefficients for the reactions of NO with HO 2 , RO 2 species, and O 3 respectively, and J(NO 2 ) is the photolysis frequency for NO 2 [Cantrell et al., 1997; Thornton et al., 2002; Volz-Thomas et al., 2003] . This method was used to deduce P(O 3 ) PSS and AE i k RO2i+NO [RO 2i ] for Nashville SOS in 1999 [Thornton et al., 2002] . P (O 3 ) PSS should be greater than P (O 3 ) HO2 because it includes ozone production from RO 2 as well as HO 2 . Determination of P(O 3 ) from the imbalance in the NO x photostationary state and from measurements of HO 2 and NO have in common only the NO measurement and are otherwise completely independent.
[54] The modeled daytime HO 2 /(HO 2 +RO 2 ) mean ratio of 0.58 ± 0.03 is in agreement with the mean ratio of P (O 3 ) HO2 to P(O 3 ) PSS , indicating that ozone production from RO 2 was about the same as ozone production from HO 2 for all observed values of NO and P(HO x ) (Figure 12c ). That P (O 3 ) PSS shows the same behavior with NO as does P (O 3 ) HO2 provides additional evidence that the observed behavior of P (O 3 ) HO2 is not due to instrumental artifacts. Thornton et al. [2002] analyzed P(O 3 ) using observations that met a number of criteria, such as NO < 15 ppbv, J NO2 > 5 Â 10 À5 s À1 and P(HO x ) within 3s of the daytime average. The authors also assumed that J NO2 was actually Figure 12 . (a) P(O 3 ) calculated from measured HO 2 in ppbv/hr, (b) ratio of P(O 3 ) calculated from observed and from modeled HO 2 , and (c) ratio of P(O 3 ) calculated from observed HO 2 and from the NO x photostationary state versus NO for all daytime observations. Data are binned by log(NO 11% larger than measured, which is within the uncertainty, as otherwise P (O 3 ) PSS <P (O 3 ) HO2 on average at high solar zenith angles. We applied roughly the same filtering criteria as in Thornton et al. [2002] . We used an additional filter to disregard data when P (O 3 ) PSS <P (O 3 ) HO2
. With the use of this additional filter, P (O 3 ) PSS , like P(O 3 )
HO2
, increases slightly at higher NO, so the ratio is approximately constant with NO and P(HO x ). Thus, the behavior of P(O 3 ) from the imbalance of the NO x photostationary state as a function of NO confirms the behavior observed for HO 2 alone. Without the filter to exclude data when P (O 3 ) PSS <P(O 3 ) HO2 , the behavior for the high P(HO x ) ranges remains almost unchanged, but the values scatter much more for lower P(HO x ), as smaller and even negative values calculated for P (O 3 ) PSS are taken into account. ) < P(HO x ) < (0.7 pptv s À1 = 1.9 Â 10 7 cm À3 s À1 ), whereas for lower P(HO x ) they show P(O 3 ) remaining fairly constant for NO between 1 and 2 ppb. When P(HO x ) is restricted to 1 Â 10 7 < P(HO x ) < 1.5 Â 10 7 cm À3 s
À1
, the P(O 3 ) PSS does level off, but does not decrease so dramatically. This difference results from the difference in ranges chosen for the plots. High NO mixing ratios were observed mostly during the morning, at relatively low P(HO x ), while at noon, at high P(HO x ), the NO mixing ratios were always relatively low. P(HO x ) was always < 1.7 Â 10 7 cm À3 s À1 when the NO mixing ratio exceeded 2 ppbv. Therefore at high NO the average P(HO x ) tends to decrease with NO, causing part of the observed decrease in P(O 3 ).
[56] A possible reason for negative P(O 3 ) PSS at low P(HO x ) is that NO in the observed air masses was not yet in steady state with NO 2 . If there was a large NO source nearby, the NO/NO 2 ratio might be larger than that corresponding to photostationary state, so that the P(O 3 ) PSS calculated using the measured NO mixing ratio would be too small.
[57] The steady state time constant for the NO x photostationary state can be calculated from the expression
The median steady state time constant was 44 s during the day and 129 s at night, with typical values of 100-200 s at morning rush hour and 20-80 s at midday. The daytime wind speed was 2.2 m s
, while the nighttime wind speed was 1.2 m s À1 , with large variability. Thus NO emitted at the nearest major road about 1 km south of the site would typically come into steady state with NO 2 within a few hundred meters from the source, well before reaching the measurement site. However, more than 70% of the negative P (O 3 ) PSS remain when the data is filtered to require the product of t SS and wind speed to be less than 200 m. Therefore, lack of NO x steady state does not appear to be the cause of negative P(O 3 ) PSS .
Balance Between OH Production and Loss
[58] Further testing of our understanding of the sources and sinks of HO x can be accomplished by comparison of the total OH loss rates (molecules cm À3 s À1 ) with the expected OH production rates. Because the OH lifetime is about 0.1 s, OH production and loss should balance for times greater than a second. The total OH loss rates were determined by multiplying the measured total OH reactivities from TOHLM by the measured OH mixing ratios. OH production must be calculated from the measured chemical species, photolysis frequencies, and reaction rate coefficients. Because TOHLM measures the sum of OH losses, a comparison of OH production and loss tests for the presence of additional OH sources.
[59] The main known production pathways for OH are O 3 photolysis, early morning HONO photolysis, and the conversion of HO 2 to OH by reactions with NO and O 3 . In agreement with the calculated chain length for HO x , the HO 2 conversion was always greater than the primary OH production from photolysis of O 3 and HONO. The question is: Can additional primary OH sources be detected in the difference between the large rate of production and the large measured OH loss rate?
[60] The measured OH loss rate and calculated OH production rate show the same diurnal variation (Figure 14) . The OH loss rate was greater than the OH production rate for all periods except morning rush hour from 5 to 10 CST. The difference between the dashed line, which is the total OH production rate and the open circles, which are the OH production rate due to HO 2 + NO, indicates the primary production due to photolysis of ozone. The photolysis of HONO was negligible for the data shown in this plot, as high HONO mixing ratios were usually found only when NO was >5 ppbv and thus the OH reactivity could not be measured with the desired accuracy. Photolytic primary HO x production is important only during the day and had a maximum value at midday of 0.9 Â 10 7 cm À3 s
À1
. The difference between the total OH loss and total OH production was as much as 2.1 Â 10 7 cm À3 s
. In order to balance OH production and loss, a significant unknown primary source-one that was larger than the known primary production-would be required.
[61] Interestingly, the OH production exceeds the OH loss during morning rush hour, and this effect seems to correlate with ambient NO (Figure 15) . Assuming that the measurements involved in the calculation of the primary OH production are accurate, this difference is most likely due to problems in the measurements of HO 2 and/or the OH reactivity during periods of high NO. Subtraction of a constant 1 pptv from the HO 2 data would lead to about equal production and loss during rush hour; however, such an offset in the HO 2 data seems unlikely and would lead to larger differences between OH production and loss at all other times. An error in the OH reactivity when NO is high is more probable. The measured OH reactivity has been corrected for conversion of HO 2 injected into the flow tube. However, HO 2 injected into the TOHLM instrument was not measured during morning rush hour and may be underestimated, leading to an underestimate of the OH reactivity. As the amount of HO 2 injected and the conversion rate are reasonably well known, this additional HO 2 may result from fast cycling reactions that involved RO 2 produced by reactions of the injected OH. In this case the OH reactivity would be underestimated for times when NO was high, mostly during rush hour, and should be correct for all other times.
[62] The difference between the daytime OH production and OH loss is only marginally significant, near the 1s confidence level. The difference between the OH loss and production does become statistically significant in the evening and at night, when the median OH loss rate is (0.5 -2) Â 10 7 cm À3 s
, while the median OH production is up to 3 -10 times less (typically 2 Â 10 6 cm À3 s
). Since the difference between the OH loss and OH production is about the same day and night, except during morning rush hour, these results suggest that additional, unknown OH production was occurring day and night. Correlations with HO 2 (R 2 = 0.55), O 3 (R 2 = 0.42), and HCHO (R 2 = 0.46) (Figure 15 ) point to a possible role of these compounds in the mechanisms causing this additional OH production.
Nighttime HO x
[63] The presence of significant concentrations of OH at night is more difficult to explain than the presence of HO 2 , which has been observed by several research groups now using different techniques [Kanaya et al., 1999; Mihelcic et al., 1993; Faloona et al., 2001; Creasey et al., 2001 Creasey et al., , 2002 . Most of the evidence for high nighttime OH concentrations has come from our measurements, although lower amounts of OH have been observed during nighttime [Tanner and Eisele, 1995] and observations of OH in the evening at low photolysis frequencies also indicate nighttime OH [Creasey et al., 2001] .
[64] The measured nighttime HO 2 /OH ratio in Nashville was typically around 100, in contrast to the usually around 1000 that was expected from the model. On average, the modeled ratio was 9 times the measured ratio at night. The daytime ratio is quite different; the modeled ratio was only 1.25 times larger than the measured ratio. While ozone is a likely species to produce an instrumental artifact, these dependences are 10 -40 times larger than have been observed in the laboratory during interference tests (Ren et al., submitted manuscript, 2003) . Also, the single data points, especially in the case of HO 2 , scatter around the fit lines by significantly more than the precision uncertainty.
Thus an instrumental interference would have to correlate with ozone, but ozone alone is highly unlikely to be causing the nighttime HO x signal. On the other hand, even though it is weak, this correlation of nighttime HO x and O 3 indicates that nighttime HO x sources may also be O 3 dependent, as does the correlation of the difference between OH production and loss with O 3 .
[65] Nighttime HO x sources have been proposed that do not involve photolysis, based on oxidation of reactive hydrocarbons. Such sources would be in agreement with the observed correlations of HO x and the difference between OH production and loss with O 3 , as well as with HCHO, as the latter is often emitted along with reactive hydrocarbons and is also produced by their reaction with ozone. The question is: Can HO x sources that do not involve photolysis explain the average nighttime OH concentration of 8 Â 10 5 cm À3 and the typical nighttime production rate of $10 7 molecules cm À3 s
À1
, a rate comparable to known photolytic sources? This OH production can be either primary production or OH formation from HO 2 reactions that produce OH. It is therefore not necessary that all nighttime OH production come from primary sources if another reaction that converts HO 2 to OH can be found, in addition to the reactions HO 2 + NO ! OH + NO 2 and HO 2 + O 3 ! OH + 2O 2 . The tendency of the difference between OH production and loss to increase together with the measured HO 2 mixing ratio points towards the occurrence of such an additional conversion reaction. Figure 14 . Calculated OH production from O 3 photolysis and HO 2 conversion and measured total OH loss rates. The OH loss rate (solid line and solid squares), total OH production (dashed line and solid circles), OH formation from HO 2 + NO (open circles) and difference between total loss and production rates (solid line with error bars) are shown. Error bars are 1s uncertainty including the uncertainty of both the OH loss and production. They were calculated by a propagation analysis that included the absolute uncertainties of the HO x (±20%) and of OH reactivity measurements (±15%). Figure 15 . Calculated OH production from O 3 photolysis and HO 2 conversion subtracted from measured total OH loss rates. As values become increasingly negative with increasing NO, only values when NO <0.5 ppbv have been included in the plots versus HO 2 , O 3 , and HCHO.
[66] There are two limiting cases. The first is that no additional recycling of HO 2 to OH occurs. In this case, the primary OH production would need to be $10 7 cm À3 s
. If HO 2 is also produced in the process, then the HO 2 loss rate needs to be large enough to compensate the additional HO 2 production. The main loss reactions for HO 2 in the absence of NO are the reaction with ozone, self reactions and reactions with peroxy radicals. The additional OH would lead to additional formation of RO 2 , also with a production rate of $10 7 cm À3 s
, so RO 2 would increase until the RO 2 loss rate, mostly due to reactions with other RO 2 and with HO 2 , reaches equal levels as the production. Using the rate constant for RO 2 self-reaction suggested by Atkinson [1994] of 1 Â 10 À11 cm 3 s
, this steady state would be reached at $40 pptv RO 2 .
[67] The second limiting case is that HO 2 and RO 2 are recycled to OH by means other than the reactions of RO 2 with NO and of HO 2 with NO or O 3 , so that primary HO x production need only balance HO x loss mainly through HNO 3 formation. In this limiting case, the HO 2 reaction frequency for recycling would need to be $0.1 s
, since the OH reactivity not due to NO 2 was typically 9 s À1 and the median HO 2 /OH ratio was $100. We know of no mechanism to recycle RO 2 and HO 2 to OH at this rate, assuming reasonable concentrations of known reactants. Within those two limits a combination of both cases could be possible. We examine potential OH sources.
[68] Radical production by reactions of NO 3 with VOC and especially with alkenes is a potentially significant source of peroxy radicals . During nighttime, NO 3 can to some extent take over the role of NO converting RO 2 to HO 2 and HO 2 to OH with similar reaction rates as NO, contributing to enhanced HO 2 at night. As RO 2 was not measured, this contribution can only be estimated from model calculations. If we assume an overall reaction rate of 3 Â 10 À12 cm 3 s À1 for the reaction of RO 2 and NO 3 , the HO x production due to this reaction yields 0.008 ppt/s HO x on average for all times when NO was <100 pptv using modeled NO 3 or 0.01 ppt/s using measured NO 3 . These values are very similar to the average 0.008 ppt/s HO x production rate from ozonolysis of alkenes during those times of low NO. It should be noted that, while our model does include some basic NO 3 chemistry, no reactions with alkenes producing RO 2 or reactions converting RO 2 to HO x are included. Inclusion of these reactions would significantly reduce model NO 3 concentrations, but also increase model RO 2 and HO 2 during nighttime. NO 3 was measured with DOAS along a light path between 36 and 75 m above the ground at Cornelia Fort airpark and in 1 km distance at its nearest point to the airpark, where the other species discussed here were measured. Due to the stratification of the boundary layer during nighttime it is questionable to what extent the measured NO 3 concentrations reflect conditions at the airpark.
[69] In any case, the reaction converting HO 2 to OH
is too slow to explain measured OH levels; unrealistically high mixing ratios of NO 3 of $1 ppbv would be needed for an OH production rate of 10 7 cm À3 s À1 . As long as no OH is directly produced by reactions of NO 3 with VOC, NO 3 chemistry can therefore not explain the observed nighttime OH levels.
[70] Reactions involving the formation of a HO 2 -nH 2 O water complex, including two HO x sink reactions and a reaction of this complex with CO to produce OH and CO 2 , have been suggested by Reichert et al. [2003] to explain the dependence of the chain length of peroxy radical chemical amplifier instruments on relative humidity. They derive a rate coefficient of several times 10 À15 cm 3 molecule À1 s
from the chain length for the latter reaction. If this reaction occurs in the atmosphere, it would efficiently convert HO 2 to OH at the relatively high CO mixing ratios of 300 ppbv on average observed in Nashville during nighttime and lead to an additional OH formation from HO 2 of several 10 6 molecules cm À3 s À1 . However, comparison of the modeled and measured HO 2 /OH ratios does not show the correlation with relative humidity or absolute water concentration and CO that would be expected, providing no evidence for the occurrence of this reaction in the atmosphere.
[71] A more likely possibility is the ozonolysis of alkenes, which has been shown to produce both OH and HO 2 [Atkinson, 1997; Paulson et al., 1999] . Most C 2 -C 5 alkenes were only measured during daytime at the Cornelia Fort airpark during SOS 99, therefore nighttime alkene mixing ratios had to be estimated based on correlations with n-pentane or a secondary compound which is correlated with n-pentane. Biogenic monoterpenes were measured throughout the day and hourly median data were used as input for the model, as described in section 1.3.
[72] The average diurnal production of OH from ozonolysis of alkenes (C 2 -C 5 , monoterpenes and isoprene) had a daytime maximum (Figure 16 ). While peak OH production rates of up to 10 6 molecules cm À3 s À1 were possible for some circumstances, on average only a few times 10 5 molecules cm 7À3 s À1 of OH were calculated to be produced in Nashville during daytime and less during nighttime. Ozonolysis of isoprene produced only <10 5 OH cm À3 s
. Therefore the known alkene ozonolysis does not appear to provide the additional OH production needed to balance the measured OH loss, either day or night.
[73] Ozonolysis of alkenes may be able to explain part of the observed nighttime HO 2 , even if it cannot explain the observed OH. HO 2 is produced directly in these reactions [Atkinson, 1997] , but the yields are quite uncertain because most of the literature focuses on OH production yields only. In the model, we use the HO 2 yields from the Regional Atmospheric Chemistry Mechanism (RACM) [Stockwell et al., 1997] , scaled so that the OH yields RACM would predict match the recommendations by Atkinson [1997] .
[74] As nighttime wind speeds at the site were low with 1.2 ± 1.2 m/s on average, HO 2 should usually be in steady state even during nighttime. Modeled nighttime HO 2 mixing ratios reach values of up to 5 pptv. While they are on average a factor 3.7 lower than measured HO 2 , there is a clear correlation between measured and modeled HO 2 (Figure 17) , and the lower concentrations measured are actually matched by the model. Part of the remaining difference between measured and modeled HO 2 is likely to be due to NO 3 chemistry.
[75] Further evidence that nighttime HO 2 is produced by ozonolysis and/or reaction with NO 3 of hydrocarbons, namely alkenes, is the correlation of nighttime HO 2 with formaldehyde ( Figure 18 ), which is also a product of alkene oxidation. As a result, the oxidation of alkenes contributes significantly to explain nighttime HO 2 concentrations, even though it is only occasionally sufficient to explain the OH.
Conclusions
[76] Measured OH and HO 2 generally behaved as expected during Nashville SOS in summer 1999. At the 2s confidence level, there is substantial agreement between the observations and theoretical expectations for the following characteristics: the OH and HO 2 mixing ratios and their diurnal variations, the OH and HO 2 dependence on NO and P(HO x ), the HO x chain length, the OH reactivity, and the balance between OH production and OH loss. The observations and theoretical expectations deviate significantly from each other in only two aspects: the increase of HO 2 and thus P(O 3 ) when NO exceeds a few ppbv, and nighttime OH. If the measured P(O 3 ) versus NO dependence seen here is indeed correct, it means that P(O 3 ) and total O 3 produced in urban plumes are significantly underestimated by models, since the differences between measurement and model are very large at the high NO end. The effect of these differences will be most notable when high NO x levels are maintained in an air mass for a long time, i.e., in plumes from large urban areas. Thus the surplus in total ozone production compared to expectations is largest where the highest ozone levels are expected.
[77] Two possible explanations for these two significant discrepancies are O 3 -dependent instrument artifacts or additional HO x production that is occurring day and night. Even though our extensive testing has uncovered no evidence for significant instrument artifacts, it is not possible to rule them out with certainty. O 3 -dependent instrument artifacts and additional HO x production can be more objectively assessed. If we assume that the nighttime OH and HO 2 measurements are entirely due to an O 3 -dependent instrument artifact, the O 3 -dependent offsets in GTHOS would be described by equations (7) and (8). If we subtracted these offsets from the OH and HO 2 observations in the analyses presented earlier, 28% of the OH measurements would be negative by an average of 0.04 pptv and 55% of the HO 2 measurements would be negative by an average of 2 pptv, both day and night. Observed P (O 3 ) HO2 (Figure 12a ) would reach its maximum at 0.3-0.8 ppbv of NO, but most values would become significantly negative at NO > 1 ppbv. On the other hand, the agreement between the model and the measurements would improve for both OH and HO 2 ; the slope of the correlation plot ( Figure 6 ) would be 1.21 and Figure 16 . Mean diurnal OH production from the ozonolysis of alkenes (solid circles with error bars showing standard deviations of the hourly mean), and from ozonolysis of isoprene only (solid line). Isoprene and biogenic monoterpenes were measured day and night, other alkene concentrations were estimated during nighttime based on correlations with n-pentane. Figure 18 . HO 2 versus HCHO during nighttime (R 2 = 0.55). To avoid effects of NO, which correlates negatively with HO 2 , only data when NO was <100 pptv are plotted.
1.27 for OH and HO 2 , respectively, with a smaller intercept for OH but a larger negative intercept for HO 2 . OH would be 0 at night, therefore OH production and loss would match during nighttime, but mean OH production ( Figure 14) would become negative during morning and evening rush hour and OH loss would exceed known OH production by (3 -4) Â 10 7 cm À3 s À1 around noon. If only the OH offset is used, OH production and loss would match in the afternoon and night, but in the morning until noon OH production would exceed OH loss by up to 2 Â 10 7 cm À3 s À1 . Thus, this assumption solves some current discrepancies at the expense of enhancing others or creating new ones.
[78] Additional OH production of $10 7 cm À3 s À1 both day and night is consistent with essentially all of our observations, even those that are significant only at the 1s confidence level. First, it explains the observed-to-modeled ratios for OH and HO 2 , which are 1.36 and 1.55. As the main HO x sinks in this urban environment are the reaction of OH with NO 2 and self-reactions of HO x , OH and HO 2 concentrations should be proportional to the primary HO x production, with a dependency between square-root and linear. The calculated primary HO x production reached up to 2.6 Â 10 7 cm À3 s
À1
; the sum of the additional and the highest calculated HO x production would be > 1.4 times the calculated primary HO x production. Thus the observed and modeled HO x mixing ratios would come into better agreement. Second, it explains the imbalance in the OH production and loss for all times other than morning rush hour. It was this imbalance between OH loss and production that enabled us to quantify the required additional OH production. The imbalance is only marginally statistically significant during the day, but becomes statistically significant in the evening and at night. Third, this additional OH production would resolve the problem of prodigious nighttime OH.
[79] As RO 2 was not measured during the Nashville Southern Oxidants Study, the role of RO 2 in the observed discrepancies is unclear. However, the comparison between P(O 3 ) PSS PSS were filtered out because calculated P(O 3 ) PSS was < P (O 3 ) HO2 , and almost 70% of these P(O 3 ) PSS were negative. Most of the negative P (O 3 ) PSS were probably not due to NO and NO 2 in the air not having reached steady state, as the product of t SS (equation (5)) and wind speed when P (O 3 ) PSS <0 was relatively low at only 190 m on average. RO 2 radicals are such an important class of chemical in metropolitan radical chemistry that their measurement should definitely be part of all future urban field intensive studies.
[80] Another possibility exists for the nighttime OH. In the sampling process, the sampled air goes through the inlet hole, gets quite cold in the supersonic expansion, and then warms quickly as it passes through a shock zone within a centimeter of the inlet. It may be that a weakly bound OH adduct or another radical, perhaps the Criegee intermediate, falls apart as it passes into the low pressure region of the detection cell. We intend to examine this possibility in detail over the next year.
[81] It is a difficult task to determine if discrepancies between measurements and expectations are due to instrumental artifacts, unknown or incorrect chemistry, or emissions at a given location. It cannot be assumed, for instance, that HO x observed in other air masses, such as power plant plumes, behaves the way it was observed to behave in the Nashville urban plume. For this reason, it is essential to make these measurements in a wide variety of environments with different emissions and meteorological conditions. Only by continued scrutiny of instrument characteristics and measurements under diverse conditions can these discrepancies between measurements and models be understood. This step is essential in the development of predictive capability for pollution production.
